Introduction 32
Biofouling in membrane processes is a long-standing problem and biofilm development on 33 and/or within membrane surfaces can cause lower product water quality, increased energy 34 requirement and higher overall costs. Although biofouling predominantly occurs in high 35 pressure systems such as reverse osmosis (RO) and nanofiltration (NF) (Baker and Dudley 36 1998, Flemming et al. 1997 ), this problem may also affect other membrane systems including 37 low pressure microfiltration (MF) and ultrafiltration (UF) (Pontié et al. 2007 It has been understood that complete elimination of biofouling is almost impossible (Flemming 41 et al. 1997 ). Current pretreatment technologies mainly focus on the reduction of 42 microorganisms in the source water, which may not provide effective biofouling control since 43 biofilm development relies heavily on the availability of biodegradable nutrients (Chen et al. 44 2013, Jamaly et al. 2014, Nguyen et al. 2012) . Despite the effort to lower biocide usage, it is 45 currently still the most commonly used method for membrane cleaning. While biocide does 46 kill bacteria, the dead cells are not totally removed but instead become a nutrient source for 47 surviving bacteria (Murthy and Venkatesan 2009 ). Therefore, a reliable monitoring method 48 which provides insights to biofilm removal under stress conditions is crucial for the 49 development of effective membrane cleaning protocols (Nguyen et al. 2012) . 50
Traditionally, flux decline or transmembrane pressure (TMP) rise have been used to determine 51 and infer the occurrence and extent of membrane fouling because they can be measured readily 52 in the laboratory and industrial settings. However, these two parameters, though intuitive, are 53 indirect indicators of the properties of the fouling layer, which may not provide information 54 regarding the actual condition of membrane foulant thus causing ineffective membrane 55 were mainly performed using synthetic organics to simulate constant TMP filtration in food 81 industries. Here, FDG is applied to membrane processes to simulate water and wastewater 82 treatment operations under constant permeation. 83
The objective of this study was to investigate the feasibility of FDG technique for on-line 84 membrane biofouling detection by measuring both biofilm thickness and strength. This study 85 is the first attempt to apply FDG to measure biofilm thickness and strength in a membrane 86 cross-flow filtration system under constant permeation. This study also explored the impact of 87 biofilm desiccation which could happen due to flow disturbances or during cleaning (transition 88 from feed to cleaning formulations). 89
Experimental 90

Biofouling experimental protocol 91
The experimental set-up and protocols used for simulating biofouling in cross-flow filtration 92 were adapted from previous work ( Figure 1A ) (Sim et al. 2013 
~10
6 CFU mL -1 ) was injected at a constant rate of 0.25 mL min -1 via an injection pump 104 found elsewhere (Suwarno et al. 2012 ). The temperature of the feed was kept at 25°C by using 106 a continuous flow chiller (PolyScience 9706A, USA). A microfilter (0.2 µm pore size, Karei 107 Filtration) was installed at the retentate line to prevent bacteria from entering the feed tank. 108
Additionally, the feed solution was replenished within every 24 h to further ensure a controlled 109 feed condition throughout the whole experiment duration. 110
In this study biofouling experiments were conducted at constant feed pressure (P1) (80 kPa) 111 and cross-flow (0.95 cm s -1 ) and flux (10 LMH) for durations of 2, 4, and 6 days in duplicates. 112 FDG analysis was conducted on-line (under same operating conditions) at the end of every 113 biofouling experiment. The experiments are identified as 2-day, 4-day and 6-day, respectively. 114
Apart from the biofouling experiment at varying durations, an additional experiment was 115 conducted by performing a 2-day biofouling experiment under the same operating conditions, 116 followed by 24-h desiccation under no cross-flow and no nutrient supply, followed by a 2-day 117 biofouling experiment. This experiment was aimed at investigating the impact of flow cessation 118 due to possible process interruption in a large-scale process. The above experiment is identified 119 as 4*-day. 120
FDG System 121
The schematic of the FDG system and experimental set-up is depicted in Figure 1B The inset in Figure 1B energy required to remove the biofilm layers was also estimated (detailed calculation is 158 described in Supporting Information section 3). The fouled membrane was then carefully 159 removed from the test apparatus and immediately analysed using a confocal laser scanning 160 microscope ( Figure 2B ). Biofilm samples were maintained moist and stored in covered 161 containers during storage and transport to ensure minimum deformation and contamination. 162
Confocal Microscopy 163
The thickness of biofilm formed on the membrane surface was also measured by observing the 164 fouled membrane via a confocal laser scanning microscope (CLSM, Zeiss, model LSM810). The TMP rise (measured by the difference between P1 and P2 in Figure 1A 
Determination of biofilm strength by FDG and impact of biofilm desiccation 205
The results for destructive strength testing at each time point are shown in Figure 3 It is clear from Figure 3 that the adhesion increased with the duration of biofouling experiments. 224
However, for 4-and 6-day experiments, the increase in adhesive strength was marginal. One 225 possible explanation could be reduced transfer of fresh nutrient to the bottom layers due to less 226 diffusion through the denser EPS layers (Oubekka et al. 2012 ). Hence, strengthening of the 227 layers closer to the membrane was marginal. 228
Another interesting observation was the degree of variation of biofilm strength at a particular 229 thickness at different experiment durations ie the gradient of the thickness versus strength curve 230 (Figure 3 ). There was an apparent increase of cohesive and adhesive strengths from the 2-day 231 biofilm to those of 4-day which resulted in a larger gradient, ie, -8.8×10
-3 m Pa -1 (2-day) vs. 232 -5.6×10
-3 m Pa -1 (4-day). However, the 6-day biofilm showed a slight increase in strength 233 with thickness ie -8.6×10
-3 m Pa -1 compared to that of 4-day. 234 Figure 4 shows that the average cohesive (more details provided in Supporting Information 235 section 3) and adhesive strengths for 2-day biofilms were lower than those for 4-day and 6-day. 236
This behaviour suggested that the biofilm developed its strength dramatically between 2 and 4 237 days. However, the increase in average cohesive and adhesive strengths from 4 days to 6 days 238 was marginal. The results in Figure 4 may further support the findings in Figure 3 which show 239 slower increase in biofilm strength with thickness at the 6-day duration. 240 Nevertheless, with the increasing thickness, the required removal energy was greater at longer 241 durations (see Figure 5 ). There was a good correlation between the removal energy (from FDG) 242 and the required energy to overcome fouling (as shown by the TMP rise). While the increasing 243 removal energy with longer duration and biofilm thickness is not counter-intuitive, this 244 information may be required in the consideration for membrane cleaning protocol, in contrast 245 to the traditional parameters of TMP rise or permeate quality. 246
It should be noted that the information of biofilm strength and biofilm removal energy proposed 247 in this study is not intended to be used independently for the consideration of membrane 248 cleaning. Instead, this additional biofilm characteristic may be used in conjunction with the 249 information of production energy (ie TMP) to provide the overall comparison between (1) 250 continuing production with presence of fouling, or (2) Comparison of 4*-day with 4-day tests shows that biofilm desiccation did not significantly 263 impact the overall TMP and thickness (see Table 1 ). There was around 8% increase of TMP 264 and 8% decrease of FDG thickness, and the CLSM measurement did not show any thickness 265 change. Interestingly, the strength observation by the FDG showed significant increase in both 266 adhesive and cohesive strength of around 101.5% and 85.6% respectively (see Figure 4) . The 267 biofilm layers (Figure 6 ). Therefore, although the thickness and TMP rise were similar between 269 4-day and 4*-day, the latter showed significant increase of biofilm strength and resulted in an 270 increase of required removal energy (see Figure 5 ). An interruption to a biofilm development 271 process may cause undesired impact (eg accelerated attachment process) which affect biofilm 272 growth (Murthy and Venkatesan 2009, Timoner et al. 2012) and it is possible that desiccated 273 biofilm may produce an additional evaporation barrier and denser EPS, which may result in a 274 stronger biofilm (Flemming et al. 2016 ). These results may indicate that the FDG strength 275 analysis was able to provide additional information related to biofilm structural properties 276 which could not be reflected by TMP rise and biofilm thickness. 277
FDG as an aid for biofouling detection and cleaning in membrane systems 278
There have been previous studies related to biofilm properties and biofouling. In general, these 279 studies can be grouped into three main areas: biofilm surface characteristics, biofilm structure 280 and thickness, and biofilm adhesion to surface (see Table 2 ). Apart from these studies, there 281 have also been some interests on the impact of biofilm development toward flow channel 282 constriction and localized channeling (Graf von der Schulenburg et al. 2008) . 283
In this study, the FDG technique provided unique additional information related to biofilm 284 strength for both biofilm-biofilm (cohesive) and biofilm-surface (adhesive) through an on-line 285 and simple method. This information is unique and can be correlated to the requirements of 286 foulant removal energy due to biofilm development on membrane surfaces. This study also 287 presented comparisons between the energy for maintaining permeate production rate and the 288 required energy for foulant removal (see Figure 5) . provided by the University of Bath is also gratefully acknowledged. 306
